Introduction
Microactuators have been fabricated based on a variety of different physical principles, including thermal expansion [1, 2] , magnetism [3] , and electrostatic forces [4] . In our laboratory, we have developed microactuators based on the reductionoxidation reaction of the conjugated polymer polypyrrole (PPy). Using these microactuators, moving paddles and self assembling micrometer sized boxes have been demonstrated [5] .
Today, our polypyrrole microactuators have one drawback: they need to be operated in a liquid electrolyte (a salt solution). Although we have successfully operated the microactuators in a number of interesting salt solutions, including blood plasma, urine, and cell medium, they are still limited to liquid environments. We are now working on a dry system, i.e. microactuators that function in an air atmosphere without a liquid. Before explaining how we want to achieve such a dry system, we will first give a short introduction to our previous microactuators. For a more thorough description of their fabrication, we refer to [6] .
The microactuators are based on the volume changing ability of PPy. By applying a voltage, one can remove electrons from the PPy chains and switch the material from its neutral state (PPy 0 ) to its oxidised state (PPy + ). This process is reversible: by adding electrons one can reduce PPy from its oxidised state back to its neutral state. The oxidised state is often called the doped state (and the neutral state undoped) in analogy to the doping of silicon. The reduction-oxidation leads to a change in conductivity [7] , colour [8] , and volume [9] . When PPy is combined with a non-volume changing layer into a bilayer structure, this volume change can be used to make actuators [10] [11] [12] [13] [14] . For the microactuator, we use a layer of Au for this purpose, which also acts as an electrode.
The PPy is doped with dodecylbenzenesulfonate (DBS) anions. During reduction of the PPy layer in a liquid electrolyte, cations, in our case Na + (surrounded by a layer of water molecules: their hydration shell [15] ), are inserted into the PPy to maintain charge neutrality in the PPy film. This causes swelling of the film and thus straightening of the bilayer. On oxidation the cations are expelled from the film, it shrinks and results in a bending motion. We can summarise this redox reaction as follows:
For PPy(DBS) we achieve the neutral state at an applied voltage of -1 V vs. Ag/AgCl and the oxidised state at 0 V. By holding the potential fixed at any potential within the two potential limits (completely oxidised or completely reduced), we can position the microactuators at any intermediate position. Because the principle for activation of the microactuators is a reduction-oxidation reaction, the devices are operated in a three-electrode electrochemical cell. Such an electrochemical cell consists of a working electrode, a counter electrode, and a reference electrode inserted in a liquid electrolyte [16, 17] . Figure 1 shows a sketch of such a cell. The working electrode is the microactuator, at which a well defined potential is applied; this leads to a defined redox reaction, in our case the oxidationreduction of PPy. Simultaneously, a counter redox reaction occurs at the counter electrode. The reference electrode is necessary to set a defined potential. As the electrolyte we normally use a 0.1 M solution of NaDBS. The electrolyte functions as an ion transport and storage medium. Until now, we have always used large counter electrodes (for instance an Au wire or Au coated silicon wafer) and a large commercial Ag/AgCl reference electrode (Bioanalytical Systems, Inc.).
As mentioned before, we want to achieve a "dry system" (or "all-polymer system"), i.e. without a liquid electrolyte. To achieve a dry system we need to make two modifications to the present design. First, we need to replace the liquid electrolyte by another, non-liquid ion transporting and storing layer, for instance a solid polymer electrolyte (SPE) or a gel. An SPE is a polymer that is able to conduct ions. Unfortunately, a disadvantage of SPEs is that the ion diffusion coefficients are low. This will make the actuators slow. A gel is a polymer mesh containing a liquid, for instance water, which in its turn conducts the ions. Because diffusion of the ions takes place in the liquid phase, diffusion coefficients are higher than for SPEs. The second modification necessary for a dry system concerns the positions of the working, counter, and reference electrodes. One option is to make a sandwich structure of the working and counter electrodes with the non-liquid electrolyte between, as shown in Figure 2a . In this "rocking chair" configuration, the RE channel is connected to the CE, and ions are shuttled from one PPy layer across the SPE to the other as the oxidation levels are changed. Another option is to put the three electrodes parallel on a substrate and cover them with a layer of the non-liquid electrolyte as in Figure 2b . The CE can optionally also be covered by PPy if greater ion storage capacity is required. Recently two groups have demonstrated all-polymer macro-actuators [18, 19] . Both groups have taken a similar approach: a solid polymer electrolyte (SPE) sandwiched between two conducting polymer electrodes (Figure 2a) . Sansiñena et al. [18] used films of PPy doped with LiClO 4 as electrodes and poly(epichlorohydrinco-ethylene oxide) containing LiClO 4 as the SPE. Although the electrolyte is an SPE, water is important in the conduction of the ions because it only works well when the humidity is high enough [20] . Lewis et al. [19] made the electrodes of PPy doped with pTS and NaClO 4 . As the electrolyte they used polyacrylonitrile with ethylene carbonate, propylene carbonate, and NaClO 4 . In both cases, bending of 90 degrees in both directions was achieved.
We will try a different approach to achieve a dry system. We have chosen to place the electrodes parallel on the substrate because it is not possible to deposit a second layer of PPy on top of the electrolyte. Neither can we use the fabrication method used in the macro-actuators, which consists of pressing together the separate layers to form the triple layer. As an electrolyte we intend to use a hydrogel. Arquint has presented a hydrogel that can be micropatterned by photopolymerisation [21] .
A spin-off application of having all electrodes on-chip can be found in the field of cell biology. We are trying to use the microactuators as a tool for studying cells. Working with the large counter and reference electrodes under the microscope is quite cumbersome, so it would be convenient to have all the electrodes miniaturised on-chip. Also, in medicine there is a need for disposable microsensors. These microsensors require the electrodes to be on-chip.
Experimental

Fabrication of the electrodes
To form the electrodes, we started with a cleaned silicon wafer on which a 1 m thick silicon oxide had been thermally grown to insulate the surface. On this, we thermally evaporated 50 Å Cr and 200 Å Au. The chromium layer is necessary as an adhesion promoter, because the gold itself adheres poorly to the silicon substrate. Using standard photolithographic techniques, we etched windows in the chromium and gold layers (see Figure 3a. ). These windows are necessary for the releasing step. We use a method called differential adhesion [6, 22] rather than using a sacrificial layer to release the finished actuators. Following that, we deposited a 1000 Å thick structural gold layer by thermal evaporation (Figure 3b) .
In the next step we formed the Ag/AgCl reference electrodes. We covered the gold with photoresist patterned with openings to define the areas where we wanted to electroplate Ag. In this way we directly patterned the silver layer, without the need of an etch step. (It is important to give the resist a thorough hardbake, otherwise the electroplate solution will attack the resist: the colour of the resist will turn dark red and cracks will appear. Also the Ag structures will be deformed, leading to bulges. We hardbaked the samples in an oven at 125 C for 15 minutes.) We electroplated silver from a bath solution of AgCN 40 g/l, KCN 60 g/l, K 2 CO 3 20 g/l [23] . We used our electrochemistry equipment in the galvanostatic mode (constant current), hooked the sample to the working electrode, and used an Ag wire as the counter electrode. We applied a current density of approximately -5 mA/cm 2 for 10 or 15 minutes. After rinsing the sample with deionized water, we partially converted the Ag layer to Ag/AgCl electrochemically. We connected the sample to the working electrode and inserted it in a 50mM KCl solution using a Pt counter electrode [21] . We applied a current density of 0.5 mA/cm 2 for 5 minutes. The Ag layer turned dark grey, and the total thickness of the Ag/AgCl was 4.7 m (10 min Ag deposition) or 5.7 m (15 min. Ag deposition) as measured with a Dektak surface profilometer. Figure 3c . schematically shows the result after removing the resist layer with acetone.
For the moveable working electrodes, we deposited polypyrrole, the active layer, (see Figure 3d) . We patterned the PPy layer by partially covering the wafer with photoresist, similar to the Ag/AgCl patterning. The polymer was electropolymerized at the gold surface from a 0.1 M pyrrole, 0.1 M NaDBS solution at a voltage of 0.55 V vs. Ag/AgCl with an Au counter electrode. During the growth, the large DBS -anions are incorporated in the polymer film, by which the polypyrrole becomes doped [15] .
Next we removed the excess Au and underlying Cr, see Figure 3e , to define the electrodes. To protect the PPy and Ag/AgCl from the Au-etchant and especially the Cr-etchant, the photoresist overlapped these structures by 5 m.
Experiments showed that when the leads from the electrodes to the contact pads ( Figure 3e ) were exposed to the electrolyte solution, a residual current was present in the cyclic voltammogram. Therefore, these leads were insulated with a resist layer with openings over the electrode sets and contact pads. After the last etching step, the moveable working electrodes/microactuators are free but still attached to the surface, ready to be released during the first redox cycles [5] . 
Measurements
The electrodes were contacted by probes on the contact pads in two different ways. The silicon chips were either completely immersed in the electrolyte solution and the manipulator tips were replaced by gold wires, or a droplet of the electrolyte was put on the chip covering only the electrodes (to prevent the droplet from running over the contact pads, a rim of silicon grease was made) and the normal manipulator tips were used.
To operate the microactuators, a triangular voltage wave (cyclic voltammetry) was applied to the working electrode/microactuator using an Eco Chemie potentiostat. We used a voltage from 0 to -1 V versus the Ag/AgCl quasi-reference electrode onchip, with a scan rate of 100 mV/s. We call the on-chip Ag/AgCl reference electrode a quasi-reference because there are no Cl -ions in the solution as is the case for a real reference electrode. After a few initial cycles, the microactuators released themselves from the substrate.
Results and discussion
A photograph of a chip with the three electrodes is shown in Figure 4 . In this case the sample was completely immersed in the liquid. The total length of the actuator was 70 m, of which 20 m was attached to the surface. It is bent 90 degrees in the second photo. The speed of the actuators with all the electrodes on-chip was the same as our normal devices, which use large counter and reference electrodes. . On the left the microactuator lies flat on the substrate, and on the right it is bent perpendicular to the substrate (90). Figure 5 shows the cyclic voltammogram (CV) of a sample when connected with normal probe tips and only a droplet of electrolyte covering the electrodes. (The CVs of the completely immersed samples do not give good information because the redox signals are drowned in the residual currents due to the large surface area of the contact pads and gold probe wires compared to the microactuator surface.) A noise signal was to be seen superimposed on the redox currents. (We think that the noise is from a 50 Hz power line and is coupled through the probes. We have also made microelectrodes with non-moving PPy working electrodes. They were contacted with crocodile clips and did not show any noise at the same current levels.) We could remove most of the noise using a smoothing function based on an FFT algorithm, supplied with the electrochemistry software (Autolab GPES), with a cut-off frequency below the noise frequency peak. The use of the algorithm results in a better signal, as we are used to seeing. Figure 5 also gives a comparison between the CVs of the device with all electrodes on-chip and a more traditional device. The latter had over a thousand microactuators and used a large CE (Au wire) and Ag/AgCl RE. In both cases the third scan is shown. The reduction (V  -0.85V) and oxidation (V  -0.7V) peaks are clearly visible. We can see two differences in the CV of the microelectrodes. First, the oxidation and reduction peaks are shifted cathodically. The oxidation peak is shifted by -0.3 V and the reduction peak by -0.1 V. Reasons for this difference could be a voltage drop over the probe tip-contact pad interface and/or the potential of the quasi reference electrode is not well defined. Second, the reduction peak in the microelectrode case is much sharper than the regular one. This distinctly different CV from the microelectrode is interesting from the point of view of the electrochemical properties of polypyrrole, but will not be adressed here. Now that we have managed to put all the electrodes on-chip, we will try to use these microactuators for cell studies. We want to tap, or make physical contact with, living cells and study their responses to this mechanical stimulation. We have done some preliminary experiments with cells and PPy surfaces, and the use of large counter and reference electrodes has been troublesome under the microscope due to lack of space. Having just a single chip with all the electrodes on it will solve this problem.
The possibility to move the working electrodes out of the chip plane will allow us to go from 2-D to 3-D, here extending just some 50 µm above the chip plane, an altitude freely choosen during the design process. This may be used to disturb the stagnating fluid layer close to the chip surface, or to move closer to some object to be contacted.
We are also investigating the optimal electrode configuration and ratio of surface areas of the three electrodes. We want to find out which ratio of the areas gives the optimal performance of the microelectrodes/microactuators, and whether the electrode configuration influences their performance. Several micro-electrochemical cells have been presented in the literature [21, 24, 25] , but with little evaluation of alternative electrode lay-outs.
Conclusion
We have demonstrated microactuators with all electrodes on-chip, a first step towards an all-polymer system.
The microactuators work as well with the miniaturised electrodes on-chip as they do with large, off-chip counter and reference electrodes. The activation speed is similar and we can clearly see a good CV. Noise was present in the CVs, but we did not observe any adverse effects of this noise on the mechanical behaviour. We can therefore now electrochemically control moving microelectrodes to extend from a surface, and thus tap, approach and attach other objects in the electrolyte. Such tools we expect to be useful for single cell studies and for neurophysiology.
